Abstract. Ganymede presents a unique example of an internally magnetized moon whose intrinsic magnetic field excludes the plasma present at its orbit, thereby forming a magnetospheric cavity. We describe some of the properties of this mini-magnetosphere, embedded in a sub-Alfv6nic flow and formed within a planetary magnetosphere. A vacuum superposition model (obtained by adding the internal field of Ganymede to the field imposed by Jupiter) organizes the data acquired by the Galileo magnetometer on four close passes in a useful, intuitive fashion. The last field line that links to Ganymede at both ends extends to -2 Ganymede radii, and the transverse scale of the magnetosphere is -5.5 Ganymede radii. Departures from this simple model arise from currents flowing in the Alfv6n wings and elsewhere on the magnetopause. The four passes give different cuts through the magnetosphere from which we develop a geometric model for the magnetopause surface as a function of the System III location of Ganymede. On one of the passes, Ganymede was located near the center of Jupiter's plasma disk. For this pass we identify probable Kelvin-Helmholtz surface waves on the magnetopause. After entering the relatively low-latitude upstream magnetosphere, Galileo apparently penetrated the region of closed field lines (ones that link to Ganymede at both ends), where we identify predominantly transverse fluctuations at frequencies reasonable for field line resonances. We argue that magnetic field measurements, when combined with flow measurements, show that reconnection is extremely efficient. Downstream reconnection, consequently, may account for heated plasma observed in a distant crossing of Ganymede's wake. We note some of the ways in which Ganymede's unusual magnetosphere corresponds to familiar planetary magnetospheres (viz., the magnetospheric topology and an electron ring current). We also comment on some of the ways in which it differs from familiar planetary magnetospheres (viz., relative stability and predictability of upstream plasma and field conditions, absence of a magnetotail plasma sheet and of a plasmasphere, and probable instability of the ring current).
Magnetometer Measurements From the Ganymede Passes
In order to optimize science return, Galileo's fields and particles instruments normally return data directly at relatively low rates whenever tracking is available. However, for roughly 1 Table  1 . In the G2 pass with closest approach at 1.1 RG (measured from the center of Ganymede) at 79.3 ø Ganymede latitude, the background external field was -113 nT and the maximum field measured within the magnetosphere reached 1167 nT. In the G7 pass with closest approach at 2.18 RG at 55.8 ø Ganymede latitude, the background external field was -105 nT, and the maximum field measured within the magnetosphere was only -220 nT. The vacuum-superposition model, also plotted for all of the passes in Figure 2 , provides a fair estimate of the magnetic field other than near-boundary crossings, particularly for the high-latitude passes (G2 and G7). For these latter passes the difference between the measured and model x components is systematically negative. We can account for this feature of the data in terms of an Alfvdn wing interaction [Neubauer, 1980; Southwood et al., 1980] wing currents can also contribute to By.) As the G2 and G7 passes occurred well above Ganymede's equator, the Alfvdn wing contributed negative x perturbations.
The departures from the vacuum field model are less readily interpreted for G1 and G8. Both of these passes traversed regions close to the boundary between closed and open field lines (see Figure 1) . The G8 pass occurred near the center of the plasma torus, and the ambient plasma was probably denser than on the other passes. Closest approach occurred at 1.61 Ro at 28.3 ø Ganymede latitude; the background external field was only -90 nT, and the maximum field encountered within the magnetosphere was -170 nT.
The model field differs considerably from the measured field. The magnetopause encounters occurred -10 min later inbound and earlier outbound than the times predicted from the vacuum superposition model. By contrast, for G1, G2, and G7, which all occurred well off the center of the plasma torus where the plasma density was Passes are labeled G1, G2, G7, and G8, the numbers identifying the orbit on which the encounter occurred. Altitude is given in kilometers, latitude and longitude relative to Ganymede's surface in degrees, local time in hours. Longitudes <180 ø are upstream of Ganymede relative to the direction of magnetospheric plasma flow. Ganymede' s location relative to Jupiter is given by its east longitude in degrees (relative to the origin of System III) and the local time of the encounter in hours and minutes. The geometry of all four passes is illustrated in Figure 3 . The trajectories have been projected into Ganymede's equatorial plane (x-y) and the Ganymede-Jupiter meridian plane (y-z). The G1 wake pass occurred downstream in the flow. G2 and G7 were polar passes with G2 at very low altitude (closest approach at 0.1 Rc altitude) and G7 at higher altitude. G8 was an upstream pass relative to the direction of the corotating magnetospheric plasma. Thus the collective coverage of the magnetosphere was quite extensive. In the top pairs of panels, projections of measured magnetic field vectors (lmin averages) are shown as arrows rooted at successive locations along the trajectory. In the middle pair of panels the background field has been subtracted, and just the Ganymede-associated perturbations remain. In the bottom pair of panels the model field perturbations along the trajectory are plotted. The perturbations (middle panels) and the model (bottom panel) are in agreement except for the bend-back in the x component. This effect, attributed to Alfv6n-wing currents, is apparent for G2 and is extreme for the most distant pass, G7, where the internal field contribution is comparatively small and the Alfv6n wing current system is well developed. Additional discrepancies (local rotations) are evident at magnetopause crossings.
As we noted above, the vacuum-superposition model is less satisfactory for the G8 pass (Figure 3d ) than for the other passes. We have attributed this, in part, to the locations of the different encounters relative to Jupiter's plasma sheet. Encounters G1, G2, and G7 occurred in a low-plasma • environment (• is the ratio of plasma thermal pressure to magnetic pressure) where the vacuum-superposition model provides useful guidance. The G8 encounter occurred in a higher plasma • environment near the center of the plasma sheet where the vacuum-superposition model departs considerably from observations. The dynamic pressure of the plasma, neglected in the vacuum-superposition model, compresses the magnetosphere, moving the magnetopause inward of the location of the separatrix that is the effective magnetopause in the vacuum superposition model. This compression accounts for the large shift between the predicted and actual times of magnetopause crossings on this pass. In addition, the G8 trajectory lay just within the magnetopause at relatively low latitude.
In the upstream, low-latitude magnetosphere, magnetopause currents enhance the z component of the field inside the boundary and decrease the x component. Table 3 gives the angles between the model normals and the measured normals for each crossing. The measured normals are entered in Table 2 . They were obtained by rotating the data for each magnetopause crossing into a minimum variance coordinate system. The quality of the estimate is also indicated. If the normal direction is ill defined (i.e., the ratio of the intermediate to minimum eigenvalues of the rotation matrix is less than an order of magnitude), or if it is difficult to identify the boundary rotation in the data, the quality of the normal is shown as poor. The angle between the model and measured normals is large for G1 inbound and G7 outbound. For G1 inbound the proximity to the polar cusp boundary again can be appealed to as the source of the discrepancy because the curvature of the magnetopause changes rapidly with distance along the surface in this region. For G7 outbound the rotation is poorly defined, and the discrepancy between the model and the minimum variance normal may result from a poorly constrained observation. The form of the model magnetopause differs considerably from the form of Earth's The east longitude of Ganymede relative to the origin of System III is given. (Equator crossings occur at 68 ø and 248ø). Here X is along corotation flow, the Z direction is chosen so that the local background field lies in the XZ plane, and Y is orthogonal to X and Z and positive inward toward Jupiter. The components of the normal vectors have been determined from minimum variance analysis. The quality of the normal determination is indicated, and the UT of the crossing is given. 
Ultralow Frequency Waves on the Magnetopause
On all four Ganymede passes the power in field fluctuations increased near magnetopause crossings, but on most passes even near the boundary the amplitude of the waves remained small (see, for example, the G7 pass shown in Figure 2c ). However, on the G8 pass that occurred near the center of the Jovian plasma sheet, waves of 10-20 nT with periods of 15-20 s were present near both the inbound and outbound magnetopause crossings (Figure 2d ). An appropriate coordinate system for examining waves on the boundary is a principal axis system with L along the direction of maximum variance across the boundary, N along the direction of minimum variance, and M orthogonal to the other two. The data for the inbound G8 magnetopause in this boundary normal coordinate system are plotted in Figure 6 . This is a clean crossing with a well-defined normal direction. Waves are evident just outside the boundary. They are predominantly transverse, with smaller amplitude in the field magnitude than the components. The waveforms are irregular, but the M and N components vary in-phase with each other, while the L component varies in quadrature (90 ø out of phase) with the other components. Such phase relations are expected for a surface wave propagating along the M direction on a tangential discontinuity. Displacement of the magnetopause boundary could result from pressure/density fluctuations in the torus plasma, but the perturbations are periodic, as would be expected if they arise from the instability of a surface in a shear flow. The wavelength can be estimated by neglecting the spacecraft velocity and recalling that the phase velocity of a Kelvin-Helmholtz wave is half the relative flow velocity on the two sides of the boundary. With the plasma sheet plasma flowing at 150 km/s relative to Ganymede [Williams et al., 1997a ], the wavelength is 1125 km, or roughly 0.5 R•, which is a plausible scale size for a surface wave perturbation on magnetopause at 2 R• from the central body.
The amplitude of surface waves is larger on the G8 pass than on other passes, consistent with the previously discussed location near the center of Jupiter's plasma sheet. G8 was the only pass for which the flow kinetic energy incident on Ganymede's magnetosphere was large, and it is flow energy of the external plasma that drives the surface waves. The appearance of KelvinHelmholtz surface waves at Ganymede is of particular theoretical interest because it extends the study of such waves into a regime Table 3 .
Magnetopause Norinals Evaluated for the Model Magnetopause of Equation (1 Position information is as in Table 2 
Ganymede's Internal Magnetic Field and the Polar Cap Boundary
The combined data set from four passes provides good support for our earlier estimates of the internal magnetic moment of Ganymede [Kivelson et al., 1996] . The vacuum superposition model that we have used to organize and interpret our data does not and should not match the measurements in every detail. We have explained some of the departures from the simple model in terms of predictable effects of interaction with the ambient plasma. Furthermore, the internal field model [Kivelson et al., 1997] predicts loss cones that are in generally good agreement with the loss cones observed in the energetic electron fluxes after correction for instrument response [Williams et al., 1997a] . The lower energy electron loss cones do not follow predictions of the vacuum superposition model [Frank et al., 1997] in measurements made immediately after the inbound magnetopause crossing and before the outbound crossing. However, the plasma in these regions, like boundary layer plasmas in Earth's magnetosphere, is controlled by source and loss mechanisms different from those that act deeper in the magnetosphere. Thus their properties do not provide a useful test of the magnetospheric field configuration.
Discussion
Ganymede provides an example of a magnetospheric interaction that cannot be found at Earth or other planets, one in which the upstream conditions are steady over times long compared with the time to convect plasma through the system and these stable conditions are predictable. The predictable upstream conditions allowed us to define a boundary shape despite the limited data set available for analysis. In future data analysis, there may be lessons relevant to the study of magnetic activity at Earth. It remains a challenge to determine if Ganymede's activity is intermittent or if the steady upstream conditions circumvent the development of bursty activity. Analysis of data from all Ganymede wake crossings may help resolve this question. 
